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Abstract—In this paper, we present a pathloss characterization
for vehicle-to-vehicle (V2V) communications based on empirical
data collected from extensive measurement campaign performed
under line-of-sight (LOS), non-line-of-sight (NLOS) and varying
traffic densities. The experiment was conducted in three different
V2V propagation environments: highway, suburban and urban
at 5.8GHz. We developed pathloss models for each of the three
different V2V environments considered. Based on a log-distance
power law model, the values for the pathloss exponent and the
standard deviation of shadowing were reported. The average
pathloss exponent ranges from 1.77 for highway, 1.68 for the
urban to 1.53 for the suburban environment. The reported results
can contribute to vehicular network (VANET) simulators and can
be used by system designers to develop, evaluate and validate
new protocols and system designs under realistic propagation
conditions.
I. INTRODUCTION
Vehicle-to-vehicle (V2V) communications based on dedi-
cated short range communications (DSRC) have emerged as
an innovative Intelligent Transport System (ITS) technology
that will help to cut down the rate of traffic congestion and
road accidents [1]
However, the development of suitable vehicular communi-
cations systems and standards requires accurate knowledge of
some important V2V propagation channel parameters such as
pathloss. In addition, to design an efficient channel model,
estimation and tracking technique for vehicular communica-
tions, extensive measurement campaigns and data analysis
are required in order to have a deep understanding of the
propagation characteristics of the mobile channel. A thorough
understanding of mobile channels is therefore essential for the
development and performance optimization of present as well
as next generation mobile communications systems.
A number of V2V channel measurements campaigns have
been conducted in [2][3][4][5][6], however , none of them
were conducted on Australian roads, and there are still limited
number of reported V2V channel measurement and channel
models that can provide an accurate and efficient characteri-
zation of V2V channels
Furthermore, due to the difference in topographical features
of V2V environment for urban, suburban and highway envi-
ronments even within the same country, as well as from one
country to another. There is a need to perform a greater number
of measurements campaigns in order to provide a thorough
knowledge of the V2V propagation channel in different loca-
tions that would allow for the development of an efficient and
reliable V2V propagation channel model.
This paper presents the results from extensive V2V chan-
nel measurement campaign conducted in Brisbane, Australia,
using a prototype DSRC module called cooperative vehicu-
lar infrastructure system (CVIS) M5 Radio device used for
vehicular communications[7]. Measurements were obtained
under normal driving conditions in urban, suburban and high-
way environments. Based on the empirical data collected
during the measurements, we developed a pathloss models
for three different V2V environments. We compared our
pathloss models with other previously published in literature
[2][3][4][5][6][8].We found that while they are in agreement
with some recently reported measurements, there are signifi-
cant differences that motivated the need for this paper.
This paper is organized as follows. The measurement equip-
ment, environments, scenarios and parameter settings are de-
scribed in Section II. Section III presents the pathloss models.
Measurement results and the analysis of pathloss exponents
are given in Section IV followed by the conclusion in Section
V.
II. VEHICULAR CHANNEL MEASUREMENTS
A. Measurement Equipment
Measurements were performed using a V2V prototyping
platform equipped with CVIS communications architecture
for land mobiles (CALM) M5 radio module and antenna,
implementing the IEEE 802.11p protocol as shown in Fig. 1
and Fig. 2 . The CVIS prototype systems were provided by Q-
FREE in the framework of the European CVIS project[7]. The
CVIS radio module is equipped with ublox LEA-4T Global
Positioning System (GPS) receiver, in order to log the location
and the speed of the On-Board Units (OBUs) and to provide
a global time stamp to both OBUs. The rooftop antenna unit
contains five individual antennas, a DSRC system, a GPS
antenna, a broadband GSM/UMTS antenna (named CALM
2G/3G in CVIS) and two broadband WLAN antennas (named978-1-4799-5255-7/14/$31.00 ©2014 IEEE
CALM M5 in CVIS) as shown in Fig. 2. In our measurements
only the CEN DSRC and GPS antennas were connected for
V2V communications and positioning, respectively. The CVIS
GSM/UMTS and WLAN antennas are double-fed printed
monopole antennas designed and optimized within the CVIS
project and has radiation pattern close to isotropic, according
to measurements in [9]. During the configuration of the CALM
M5 Atheros chipset, the center frequency 5.8 GHz was chosen
which is close to the center frequency of the lower 10 MHz
frequency band used by ITS. In addition, the transmitter (TX)
and receiver (RX) systems were both equipped with external
EVK-6T-0 and EVK-6H-0 U-blox 6 GPS to ensure accurate
synchronization and to provide constant information about the
measurement time, as well as the location and speed data for
both TX and RX vehicles.
A fundamental issue with V2V measurements is the neces-
sity of synchronizing the data collected in two separate, mobile
vehicles. We used Network Time Protocol (NTP) to ensure the
clock of the TX and RX computers are synchronized with the
wireshark software tool on the Linux operating system used
for recording radio tap header information [10]. We configured
an NTP server on the Linux desktop in the receiver vehicle
and configured an NTP client on the Linux desktop on the
TX vehicle. We setup wireless internet connection on the
two vehicles using two fast 4G Wi-Fi Modems to allow both
computers to be connected to an online NTP time server. The
NTP server on the RX can use its own clock as the reference
clock and the TX computer synchronizes its system clock to
it. The NTP server time was locked to the GPS time to ensure
that both logged data from wireshark and the GPS data were
time-synchronized.
Since the measurement equipment was to be installed in
the vehicle, two AC-DC car power inverters were installed in
both vehicles. The two CVIS OBU antennas were mounted
on the roof of two vehicles at the height of approximately
1.5 m above the ground, as shown in Fig. 3. A low loss RF
cable was used to connect the radio antenna to the CVIS. The
measurement equipment was powered from the battery outlet
at the back of the vehicle accessible from their tailgate.
The measurement equipment consists of a number of hard-
ware and software components as listed in TABLE I. Both
the TX and RX vehicles were driving in the same direction
(convoy driving) with the TX vehicle leading the RX vehicle
under mostly LOS conditions, where occasional obstruction
of the LOS by other vehicles did occur. The transmitting
vehicle was continuously transmitting User Datagram Protocol
(UDP) frames while the receiver was recording and logging the
received frame. Each of the measurement scenarios considered
lasted for about thirty minutes and each scenario was repeated
ten times. The relative distance and the speed between the two
vehicles are calculated from the logged absolute speed and
location data from each vehicle.
For each UDP packet successfully received by the receiving
device, the wireshark records its Received Signal Strength
(RSS) value while the U-blox GPS daemon periodically logs
the location, velocity, and time stamp information. The wire-
Fig. 1: CVIS CALM M5 module
Fig. 2: CVIS Antennas
shark software tool records twenty packets containing RSSI
information every one second (i.e. sample rate is 20 Hz), while
the GPS records each location data every one second. The
collected empirical data were post-processed in MATLAB to
generate the different plots and pathloss exponents.
Fig. 3: Measurement vehicles
TABLE I: Hardware and software used for system configura-
tion
Components Details
CVIS OS Linux / Ubuntu 9.0 (kernel 2.6.22)
CALM M5 DRIVER Mad-Wi-Fi-driver modified version for
802.11p that supports radio tap header
information generation.
GPS daemon Monitoring daemon that provides a
TXP/IP port, and receives data from a
GPS receiver and provides the data back
to multiple applications.
Wireshark and dumpcap Free open source packet capture and
analyser software tool. Monitor mode
(passive) interface logs packet with radio
tap header.
NTP daemon Catches information from GPS daemon
and synchronizes system-clock with GPS
clock at system start-up and to correct
drift.
B. Measurement Environments
The characteristics of V2V channels are affected by the
properties of the propagation environment around the trans-
mitting and the receiving vehicles. The main features of
vehicular environments that are necessary to be considered
during V2V propagation channel characterizations include; the
type of environment (rural, urban, suburban and highway), the
speed of the vehicles, the vehicular traffic density and the
direction of movement of the test vehicles (convoy, opposite
direction). Generally, the urban environment has more traffic
density and surrounding objects (scatterers) such as houses and
other vehicles, while the highway environments have higher
vehicle speed and fewer obstructions. Our measurements were
conducted between 9.00 am and 4:00 pm daily for two weeks
with the TX and RX vehicle driving in the same direction.
The TX vehicle was leading the RX vehicle during the convoy
driving scenario.
During the measurements, we have considered three V2V
scenarios; highway, suburban and urban scenarios.
The highway scenario in Fig. 4 has three lanes in each
direction. The vehicle speed varies from 80 to 105 kmph. The
roads are demarcated with concrete walls; however, there are
some areas that are separated with metallic pipes. It has few
surrounding trees and vegetation. It has medium traffic density.
The urban scenario in Fig. 5 contains high traffic density and
three lanes in each direction. It has many traffic lights which
results in intermittent driving periods. It has many surrounding
houses. The speed here varies from 40 to 60 kmph.
The suburban scenario is typically a divided road with up
to 2 lanes each way , few surrounding buildings and low to
medium traffic density.
C. Measurement scenarios and parameter settings
All the measurements were carried out in real driving and
traffic conditions. The CVIS OBU was transmitting continuous
UDP frames with the following parameter settings shown in
TABLE II. All of the successfully received transmitted data
Fig. 4: Satellite map of the highway scenario
Fig. 5: Satellite map of the urban scenario
packets at the receiver OBU were stored on the local computer
along with the recorded GPS data. Location statistics such
as distance and speed are computed from NMEA GPS data.
During the measurements, the vehicles pass through multiple
kinds of local scatterers, some of these scatterers such as
buildings and trees are stationary, while others such as vehicles
and pedestrians are in motion.
TABLE II: V2V measurement parameter settings
Parameters Settings
Internet connectivity Fast 4G Wi-Fi Modem
Transmit power 5, 10, 15, 27 dBm
Data rate 3, 6, 9, 12, 18, 24 Mpbs
Packet length 200, 787, 1554 bytes
Centre frequency 5.8 GHz
RSSI noise power -107, -108 dBm
III. PATHLOSS MODELS
A. Free Space Model
The free space propagation model assumes a clear, unob-
structed line of sight (LOS) path between transmitter (TX) and
receiver (RX). Separation distance d between transmitter and
receiver is considered as an important parameter to measure
received power. The Friis equation for calculating free space





where Pr is the transmitted power, Gt and Gr are the
TX and RX antennas gain respectively. λ is the wavelength
of the electromagnetic wave at the operating frequency, d is
the separation distance between the TX and RX. Pathloss is
represented as a positive quantity measured in dB and it is
defined as the difference between the effective transmit power
and the received power both in dBm. When the TX and RX
are isotropic antennas, the antenna gains Gt=Gr=1. Hence the








B. Two Ray Model
The two-ray model is one of the simplest propagation
models which consider a direct path and a reflected path from
the surface of the earth. A simplified form of a two-ray model







where ht and hr are the transmitter and the receiver antenna
height respectively. The above equation is applicable when the
separation distance is much larger than the antenna height. To
consider the phase variation of direct and reflected path, the












where rd and rr are the path lengths of the direct and reflected
signals, φ is the phase rotation due to ground reflection, η is the
reflection coefficient, Dd and Dr are the antenna directivities
coefficients, and L(rd) is the absorption factor.
Our empirical pathloss modelling was based on the log-
distance power law model. The generic form of this log-
distance power law pathloss model which needs a total of
three parameters is given by:




where n is the pathloss exponent estimated by linear regression
in the logarithmic scale using the least square regression
procedure. PL(d0) is the pathloss at a reference distance d0
and X σ is zero-mean normal distributed random variable with
the standard deviation, σ .
IV. MEASUREMENT RESULTS
In this section we analyze the pathloss versus the TX-RX
separation distance for different vehicular environments. The
pathloss exponent n indicates the rate at which the pathloss
increases with distance. The value of n depends on the specific
propagation environment. For example, in free space, n is
equal to 2, and when obstructions are present (e.g. outdoor),
n will have a larger value between 2 to 4. The lower the value
of n , the better the propagation.
The figures ; Fig.6, Fig.7 and Fig.8 shows the scatter plot
of the pathloss versus the separation distance between TX
and RX in logarithm scale. The solid red lines are the result
of linear fit based on least square method to the measured
data (black color) for each of urban, suburban and highway
scenarios. For each of these scenarios, we derived the pathloss
exponent using the log-distance power law model. PL(d0) is
the extrapolation of the pathloss slope in the different scenarios
considered. For all scenarios, it is interesting to note that the
greater values of the pathloss exponent at smaller separation
distances correspond to those paths where the LOS (direct
path) was strongly obstructed by moving scatterers (e.g. nearby
vehicles) and other sources of interference.
In the urban scenario, as shown in 6, we derived the pathloss
exponent of n=1.68 at PL(d0)=74.2 dB and σ=3.2 dB. The
urban measured result show a random variation which is due
to the ground reflection being obstructed for long durations,
usually by the concrete wall that separates the directions of
travel or occasionally by other traffic.
In the suburban environment as shown in 7, we derived
pathloss exponent, n=1.53 at PL(d0)=78.4 dB and σ=3.5 dB.
For the highway scenario in 8, the value obtained for the
pathloss exponent n=1.77, PL(d0)=72.5 dB and σ=2.8 dB.
From the results, the greatest n value occurs in the highway
scenario where the vehicles speeds are higher with more
reflections from metallic objects.
In the urban scenario where the blocking effect of the Tx-
Rx link by surrounding leading to a pathloss of n=1.68. From
the results, the n values are lower than the free space model
(LOS paths) of n=2. In practice, pathloss exponents lower
than 2 do not always imply propagation conditions that are
better than the free space. The greater the pathloss exponent
n , the lower the PL(d0) and vice versa. Pathloss exponent n
lower than 2 relates to PL(d0) greater than 47.85 dB (PL(d0)
for free space). In summary, this implies that even though the
pathloss exponent is lower than 2, the total pathloss is greater
than the pathloss in LOS conditions. This is in agreement to
previously reported V2V measurements, where the measured
pathloss exponent ranges from 1.5 to 1.9 [2][3] and [5].
A. Fitting the measured data ,two ray and free space model
In Fig.9, Fig.10 and Fig.11, the pink line shows the linear
fit to the measured data, the green line shows the theoretical
free space model, and the red line is the theoretical two
ray pathloss model at transmit and receive antenna heights
of 1.5m, superimposed to the scatter plot (black color) of
the measured data for the different scenarios. According to
Fig. 6: Pathloss vs. 10log10(d ) for urban scenarios [n=1.68]
Fig. 7: Pathloss vs. 10log10(d ) for suburban scenarios,
[n=1.53]
Fig.9, it could be seen that the measured data have a similar
pattern as the theoretical two ray model. The measurements
were conducted under LOS conditions, in the morning hours
when there are many obstructing vehicles on the road, hence
resulting in the received signal consisting of a dominant LOS
component and a single ground reflection to form the multipath
effects. Hence, LOS and one ground reflection dominates the
multipath effects on the received signal.
Fig. 8: Pathloss vs. 10log10(d ) highway scenarios [n=1.77]
Fig. 9: Pathloss vs. 10log10(d ) for urban superimposed in two
ray and free space model
Fig. 10: Pathloss vs. 10log10(d ) for suburban superimposed in
two ray and free space model
B. Comparing our proposed pathloss model with previously
published results.
TABLE III provides a comparison between the different
pathloss exponents we obtained from our measurements for
the urban, suburban and highway environments with other
previously published research works. Looking at the highway
scenario, the authors in [2], [3], [4] and [8] who used the Log-
distance power law model and obtained the mean pathloss
exponent n of 1.77, 1.85, 1.80 and 1.90, respectively. The
value of n=1.77 in [2] agree very well with our measured
n value of 1.77 for the highway scenario. For the urban
Fig. 11: Pathloss vs. 10log10(d ) for highway superimposed on
two ray and free space model
TABLE III: Pathloss model parameters for different environ-
ments.
Scenarios Our Pathloss model Reported Pathloss model
n=1.77 n=1.77, σ=3.1dB [2]
Highway PL(d0)=72.5dB n=1.8 [4]
σ=2.8dB n=1.85 σ=3.2dB [3]
n=1.9 σ=2.5dB [8]
Urban n=1.68,σ=3.2dB n=1.68, σ=1.7dB [2]
PL(d0)=74.2dB n=1.61, σ =3.4dB [3]
n=1.53, σ=3.5dB n=1.59, σ=2.1dB [2]
Suburban PL(d0)=78.4dB n=1.57,σ=4.2dB [5]
n=2.32, σ=7.1dB [5]
scenarios, the pathloss exponent are 1.61 in [3] and 1.68 [2].
Our mean pathloss exponent n=1.68 is the same as n in [2]
for the urban scenario.
Fig.9 shows that our urban scenario has a similar tendency
as the two ray structure.
Furthermore, in the suburban case, the reported pathloss
exponent values are 1.59 in [2], 1.57 in [5] and 2.32 in [5],
while our estimated mean pathloss exponent value is 1.53
for the suburban environment which is close to the value
in [2]. These discrepancies in the values of the pathloss
exponent show the strong dependence of pathloss on the
selected propagation environment and on the measurement
setup which motivates the need for further studies on V2V
pathloss modeling.
In summary, our measured pathloss exponent values are
close to the results presented in [2] for highway and urban
environments and [2] [5] for suburban environments. These
correlations in the values of the pathloss exponent could be
simply explained by the relationship between the propagation
environments, the type of scatterers involved , the street
geometry and the presence of similar traffic densities in both
measurements.
It is worth noting that our value of pathloss at reference
distance PL(d0) is greater than the theoretical pathloss for
LOS propagation conditions (47.85dB at 5.9GHz for 1m TX-
RX separation distance). Also, it is evident that the following
pathloss exponent values are outside the expected n range
of 2 to 5 for the outdoor environments and are lower than
the 2, which theoretically implies better propagation than
free space. A pathloss exponent of less than 2 may occur
due to constructive interference of multipath components; that
is both LOS and reflected signals combine to give a better
received signal. In other words, there is in addition to the LOS
path, more energy available due to multipath propagation as
indicated in [5]. This effect could be due to interference from
devices and machineries operating at the same frequency as
that of the DSRC radio which could result in more energy
being added to the received signal.
V. CONCLUSION
We presented an empirical pathloss characterization for
three different V2V communications environments : urban,
suburban and highway scenarios. Our measured pathloss re-
sults are in aggrement with those reported by Karedal [2]
for highway, urban and suburban environments. These dis-
crepancies with other published results illustrates that the
pathloss parameters are strongly dependent on the propa-
gation environment, as well as the measurement techniques
used, the physical characteristics of vehicles and the antenna
heights. Thus considering the different topological features of
the urban, highway and rural environments within the same
country, and as well as from one country to another , is a very
significant contribution to provide more accurate vehicular
propagation models.
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